Release of proteins through the outer mitochondrial membrane can be a critical step in apoptosis, and the localization of apoptosis-regulating Bcl-2 family members there suggests they control this process. We used planar phospholipid membranes to test the effect of full-length Bax and Bcl-x L synthesized in vitro and native Bax purified from bovine thymocytes. Instead of forming pores with reproducible conductance levels expected for ionic channels, Bax, but not Bcl-x L , created arbitrary and continuously variable changes in membrane permeability and decreased the stability of the membrane, regardless of whether the source of the protein was synthetic or native. This breakdown of the membrane permeability barrier and destabilization of the bilayer was quantified by using membrane lifetime measurements. Bax decreased membrane lifetime in a voltage-and concentration-dependent manner. Bcl-x L did not protect against Bax-induced membrane destabilization, supporting the idea that these two proteins function independently. Corresponding to a physical theory for lipidic pore formation, Bax potently diminished the linear tension of the membrane (i.e., the energy required to form the edge of a new pore). We suggest that Bax acts directly by destabilizing the lipid bilayer structure of the outer mitochondrial membrane, promoting the formation of a pore-the apoptotic pore-large enough to allow mitochondrial proteins such as cytochrome c to be released into the cytosol. Bax could then enter and permeabilize the inner mitochondrial membrane through the same hole.
Despite widespread interest in apoptosis, the cellular mechanism by which programmed cell death proceeds, there is considerable controversy about the precise pathway by which cell death is irreversibly committed. However, in many systems studied to date, proteins of the Bcl-2 family have consistently proven either to promote apoptosis or to protect against it. One of these proteins, Bcl-x L , shares a specific structural homology with the diphtheria toxin translocation domain that mediates both toxin passage through cellular membranes and channel activity in lipid bilayers (1) . It has been recently shown that Bcl-x L , Bcl-2, and Bax also form channels in artificial lipid systems (2) (3) (4) (5) , but it is not clear how this activity could regulate apoptosis. These ionic channels are similar to each other, which is surprising for proteins with opposite effects on apoptosis, and they are too small for translocation of critical proteins (cytochrome c, apoptosis-inducing factor) currently thought to mediate the next step in the apoptotic pathway, caspase activation (6) (7) (8) (9) . Although the outer mitochondrial membrane has been less studied than the inner membrane, it is known to be thoroughly fenestrated with a much larger channel, the voltage-dependent anion channel (10) . Thus, it is not plausible that the addition of a smaller conductance pathway should materially affect the permeability properties of that membrane.
Bax, Bcl-2, and Bcl-x L contain a carboxyl-terminal hydrophobic domain that has been presumed to function as a membrane anchor domain (11) . However, we have found that Bax translocates from the cytoplasm to the mitochondrial membrane on activation of apoptosis (12) . Thus, Bax is a good candidate to mediate release of mitochondrial proteins. In addition, removal of the carboxyl-terminal membrane anchor domain abrogates Bax redistribution and inhibits its deathpromoting activity (12) . To date, all experiments reporting channel activity of Bcl-2 family members used bacterial systems to express truncated forms of these proteins (2) (3) (4) (5) . In the present work, we tested the membrane-perturbing effect of full-length Bax and Bcl-x L synthesized in vitro and in vivo.
MATERIALS AND METHODS
Expression of Bax and Bcl-x L in Bacteria and by the Reticulocyte Lysate System. The truncated form of Bax, lacking 22 carboxyl-terminal amino acids, was expressed in bacteria by using the pET system (Novagen) and purified to near homogeneity by conventional and monoclonal antibody affinity chromatography. The full-length bax gene was expressed under the control of the T7 and cytomegalovirus promoters (13) in a TNT coupled reticulocyte lysate system (Promega). Two g of the bax plasmid DNA were incubated in a 200-l reaction mixture for 90 min. After expression, samples were filtered in a 100-kDa Centricon (Amicon) to remove high molecular mass components. The same strategy was used to obtain full-length Bcl-x L . Empty pcDNA 3 vector plasmid (Invitrogen) incubated under identical conditions and filtered was used as negative control. In the coexpression experiments, 2 g of bax plasmid and 2 g of Bcl-x L plasmid were incubated together in 200 l of reticulocyte lysate.
Quantification of Protein Expression and Immunoprecipitation Analysis. Expression of Bax and Bcl-x L by the reticulocyte lysate was determined by SDS͞PAGE (15% polyacrylamide gels) and Western blotting by using the monoclonal antibodies ␣ hBax 1F6 and ␣ uBcl-x L 2H12, as previously reported (13) . Protein concentration was determined by comparing immunoblots of the reticulocyte lysate products with known amounts of purified truncated Bax and Bcl-x L bacterially expressed , that contained the same epitopes. For the immunoprecipitation studies, 30 l of the reticulocyte lysate were first diluted into 970 l of 150 mM NaCl͞10 mM Hepes (pH ϭ 7.4) and then mixed with 50 l of hBax 1F6 agarose beads and allowed to incubate for 2 h at 4°C. After brief
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Abbreviations: DOPC, 1,2-dioleoylphosphatidylcholine; DOPE, 1,2-dioleoylphosphatidylethanolamine; DOPS, dioleoylphosphatidylserine. ‡ To whom reprint requests should be addressed at: Building 10, Room 10D14, 10 Center Drive, MSC 1855, Bethesda, MD 20892-1855. e-mail: joshz@helix.nih.gov. centrifugation (5 min, 5,000 ϫ g), the supernatant was recovered and the protein concentrated by chloroform:methanol precipitation for further analysis. The beads were washed three times with 1.5 ml of 150 mM NaCl͞10 mM Hepes (pH ϭ 7.4). To the resulting pellet, 90 l of 0.1 M acetic acid, 0.2% TritonX-100 were added to remove the bound proteins from the beads, followed by neutralization with 15 l of 1 M Tris (pH ϭ 8.0).
Purification of Endogenous Bax from Bovine Thymus. Bovine Bax was purified from the soluble lysate of thymus by a modification of the method previously described to purify murine thymus Bax (14) . Briefly, bovine thymus was homogenized (100 g tissue͞500 ml homogenization buffer), and the soluble protein fraction was prepared by differential centrifugation. The lysate was first passed through a trimethylammoniumethyl column (15 ml lysate͞ml beads). The flowthrough was then loaded onto a green agarose column (25 ml lysate͞ml beads). The subsequent flowthrough was loaded onto an anti-human Bax 2D2 antibody column (13) . After the column was washed with the washing buffer, bovine thymus Bax was eluted off the beads by incubation in presence of 0.2 mg͞ml of a synthetic peptide corresponding to the epitope of the antibody. Resultant purity was 80%-90% as judged by Coomassie blue on SDS͞PAGE, and yield was approximately 80 g from 100 g of thymus.
Planar Phospholipid Bilayer Studies. Phospholipids were purchased from Avanti Polar Lipids. Squalene and salts were from Sigma. ''Solvent-free'' bilayer membranes were formed by either a modified Mueller-Rudin technique (200-m diameter hole) or the Montal-Mueller technique (230-m diameter hole), as previously described (15, 16) . Unless otherwise mentioned, Mueller-Rudin membranes were used throughout with a membrane-forming solution of dioleoylphosphatidylcholine, dioleoylphosphatidylethanolamine, and dioleoylphosphatidylserine (DOPC͞DOPE͞DOPS, 1:1:1 mol ratio) at a concentration of 30 mg͞ml in squalene. For both types of membranes, purified squalene was used to prepaint the hole, and the solution bathing the membrane contained 100 mM KCl͞10 mM Hepes͞1 mM MgCl 2 ͞1 mM EGTA (pH ϭ 7.0). Protein was added to one side of the bilayer (defined as cis) and the solution was stirred for 30 sec to ensure good mixing. Conductance was measured through a voltage clamp consisting of an operational amplifier and a feedback resistor, then recorded on a chart recorder or digitized and stored. For lifetime measurements, a software program (BROWSE, available on request) was modified to apply pulses and facilitate measurements of membrane lifetime.
RESULTS
Full-Length Bax and Bcl-x L Are Produced in Micromolar Quantities by the Reticulocyte Lysate System. To study the membrane-perturbing ability of wild-type proteins, we synthesized them using the reticulocyte lysate system. Synthesis of full-length and truncated Bax and Bcl-x L was verified by SDS͞PAGE followed by Western blot analysis (Fig. 1A) . The samples containing full-length Bax, truncated Bax, and fulllength Bcl-x L showed prominent bands at 21 kDa, 19 kDa, and 31 kDa, respectively, in accordance with the expected molecular masses of those proteins. The protein concentration was estimated by using known standards of purified bacterially expressed Bax and Bcl-x L as explained in Methods (Fig. 1B) . Under appropriate conditions, synthesis of full-length Bax and Bcl-x L was robust and highly reproducible. Routinely, fresh batches of protein were prepared weekly and stored at Ϫ86°C until they were used.
Bax Proc. Natl. Acad. Sci. USA 96 (1999) multiconductance states induced by Bcl-x L and Bax lacking the carboxyl terminus (2, 4, 5) . Interestingly, in some experiments, when truncated Bax was added, noisy current increases without discrete conductance levels were recorded, and membranes became unstable. In the course of these studies, we noted that the activity of Bax diminished with time on ice. Thus, we decided to prepare Bax using the reticulocyte lysate system, as this approach permits fast in vitro protein expression. Fresh full-length Bax had a Ϸ100-fold more potent ability to perturb these lipid bilayers. In 90% of the experiments (n ϭ 39), Bax induced monotonic increases in membrane conductance that usually led to membrane rupture. At concentrations of Ϸ0.1-0.3 nM of full-length Bax, membranes typically ruptured after some tens of minutes ( Fig. 2A ), but at higher concentrations rupture occurred faster (Fig. 2B) . Full-length Bcl-x L expressed in the reticulocyte lysate did not induce any noticeable changes (Fig. 2C ) until the concentration was increased (Fig. 2D) .
Then, at concentrations above 1 nM, fluctuations of conductance between various levels on the scale of 10-300 pS were seen, but the membranes did not become unstable. At any given concentration of Bcl-x L , activity increased at pH ϭ 4.0 (data not shown). These results obtained with full-length Bcl-x L are similar to those previously reported for bacterially expressed truncated Bcl-x L (2). In other control experiments (no exogenous DNA added to the reticulocyte lysate system), we found that the lysate protein mixture had minimal effects on conductance (Fig. 2E) . Bax Synthesized in Vitro and in Vivo Dominantly Decreases Membrane Lifetime. The above results show that at relatively low transmembrane potentials (40 mV), Bax, but not Bcl-x L , destabilizes membranes and promotes membrane rupture. To quantify this effect, the voltage across the bilayer was varied and membrane lifetime measurements were performed. Membrane lifetime at 250 mV decreased approximately 10-fold when Bax was added to 100-pM final concentration, whereas Bcl-x L had no significant effect (Fig. 3A) . Membrane lifetime progressively diminished as the amount of Bax varied from 0.1 nM to 1 nM (Fig. 3B) . The presence of the hydrophobic tail per se was not the source of destabilization, because the truncated form of Bax, missing this part of the protein, still decreased membrane lifetime, although its activity was reduced 7-to 10-fold compared with the full-length protein. Furthermore, full-length Bcl-x L , which also contains a carboxyl-terminal hydrophobic domain, did not affect membrane stability even at nanomolar concentrations.
Similar results (Bax, but not Bcl-x L , decreased membrane lifetime) were also found in membranes composed of 2:1 DOPC͞DOPE, bovine brain phosphatidylserine, and, in an attempt to mimic the lipid composition of the outer mitochon- In an attempt to study the activity of in vivo-synthesized Bax and as a control for the possibility that the destabilizing effect of Bax required its expression in the reticulocyte lysate system, we purified Bax from the cytosol of bovine thymus (Fig. 4A ). This endogenous Bax was then added to the solution bathing a phospholipid bilayer membrane. A decrease in membrane lifetime was seen, albeit higher concentrations of thymus Bax were required compared with fresh Bax (Fig. 4B) .
Interactions between Bcl-2 family members have been proposed to regulate their function. To address this issue, we measured membrane lifetime in the presence of both Bax and Bcl-x L . Bax and Bcl-x L were preincubated together before addition, sequentially added to the solution bathing the bilayer, or coexpressed in the reticulocyte lysate system (Fig. 5A) . In all cases, the dominant effect on the membrane conductance and stability was that of Bax (Table 1 and Fig. 5B ). There was no evidence for protection of membrane stability by Bcl-x L . To directly test for dimerization between Bax and Bcl-x L , immunoprecipitation was performed on the coexpression mixture by using a monoclonal antibody to Bax. No Bcl-x L was precipitated with this antibody, rather it all stayed in the supernatant, as seen in cell homogenates (ref. 13 ; Fig. 5A ). Thus, no evidence was found for either functional or physical interaction between these two proteins.
Full-Length Bax Potently Reduces the Linear Tension of the Membrane.
Because Bax is targeted to the outer mitochondrial membrane, and the outer mitochondrial membrane is a fluid mosaic of protein and lipid bilayer membranes, it is reasonable to assume that Bax would act on the lipid bilayer of the outer mitochondrial membrane in a similar fashion. Because outer mitochondrial membrane destabilization and poration would promote apoptosis, it is essential to determine the physical mechanism for this effect. There is a general theory for lipidic pore formation and phospholipid bilayer rupture under high electrical fields that has been applied to electroporation of cell membranes and extended to fusion pore formation in enveloped viral infection (18, 19) . In purely lipidic systems, voltages applied across a membrane facilitate a localized infolding of the phospholipids in both apposing monolayers to form and expand lipidic hydrophilic pores. Once such a pore exceeds a critical radius, it enlarges indefinitely, yielding irreversible breakdown. The dependence of the lifetime of the membrane () on the applied voltage (V) can be described by the theoretical expression
where A is a preexponential factor dependent on additional model assumptions, ␥ is the linear tension of the pore, k is the Boltzmann constant, T is temperature in K, is the bilayer tension, C m is the specific capacitance of the membrane, and w ϭ 80 and m ϭ 2 are the dielectric constants of water and the hydrophobic core of the membrane, respectively (18) . After obtaining values for , , and C m experimentally, the linear tension of the pore (␥) can be calculated from Eq. 1. Linear tension is a key parameter in lipidic pore development as it quantifies the work needed to form a unit of pore perimeter and gives a measure of the membrane's resistance to rupture.
Bax addition had no significant effect on either the specific capacitance (Fig. 6A) or the surface tension of the membrane (Fig. 6B) . To obtain linear tension values (␥), the experimental dependence of mean lifetime (n ϭ 10-15) on the applied voltages were fitted to Eq. 1 (Fig. 6C) . Linear tension decreased from 9.13 pN for a bilayer not exposed to Bax to 7.73 (1999) pN in the presence of very low amounts of Bax (100 pM). Using the parameters from this fit, we could then estimate linear tension as a function of Bax concentration (Fig. 6D) . Bax altered linear tension in a dose-dependent fashion decreasing its original value by approximately 50% at the highest concentration tested (1 nM). It is important to note that as ␥ enters the above equation exponentially, even small variations of linear tension should have a significant effect on pore promotion. For example, the amphipathic peptide of HIV gp41, which also disrupted both phospholipid and cell membranes, reduces linear tension by 3.2 pN at 2 M (15). These results indicate that full-length Bax is very potent at decreasing membrane stability by lowering the energetic barrier for pore development.
DISCUSSION
Apoptosis is promoted by the cytosolic protein Bax (20) . On stimulation of apoptosis, Bax changes from a soluble cytoplasmic protein to become bound to the mitochondrial membrane (12) , possibly because of targeting or retention mechanisms that may involve phosphorylation (21) . Our finding that Bax decreases the stability of phospholipid membranes leads us to suggest that this protein acts directly on the phospholipid bilayer of the outer mitochondrial membrane, decreasing membrane stability and causing a breakdown of the permeability barrier of that membrane to macromolecules. This lesion would allow intermembrane proteins such as cytochrome c to diffuse into the cytosol. If the crucial step in the apoptotic pathway is the loss of the permeability barrier of the outer mitochondrial membrane, but not of the inner membrane, then cytochrome c could be released with no changes in the mitochondrial membrane potential. Moreover, once the outer membrane is disrupted, Bax would rapidly have access to the inner mitochondrial membrane, where a similar activity could lead to inner membrane leakage, a decrease in mitochondrial membrane potential, and mitochondrial swelling, which can augment the apoptotic cascade. The method of expression of protein does not seem to qualitatively affect or contaminate their activity, because bacterially expressed Bax, reticulocyte lysate-expressed Bax, and bovine thymus-purified Bax all destabilize planar phospholipid bilayer membranes, albeit at different concentrations. Nor do we think that the reticulocyte lysate-expressed Bcl-x L is denatured or misfolded, because it changes the permeability of the membrane in ways reported for active Bcl-x L that have been interpreted as the formation of ionic channels (2) . Most Bcl-2 family members contain a hydrophobic stretch of amino acids located at their carboxyl terminus (22) , but the functional significance of this region is still a matter of debate. To address this issue, we compared the activity of full-length Bax and truncated Bax, which lack the hydrophobic domain. We found that both truncated and full-length forms of Bax decreased membrane lifetime. The main effect of adding the hydrophobic tail of Bax seems to be to increase its potency. Thus, our results indicate that the membrane-destabilizing activity of Bax is a property of the entire molecule, not of the hydrophobic tail alone. In support of this view, note that full-length Bcl-x L has a similar tail but does not cause destabilization. One simple explanation for the increased potency of full-length Bax is that the activity of these molecules is a function of their surface density. With the addition of the hydrophobic tail, there may be a higher partitioning of the full-length protein to the surface of the bilayer membrane. Because targeting of Bax on apoptosis increases its surface density, we will need to devise methods to compare the surface density of Bax on the planar bilayer membrane and compare it to that of the outer mitochondrial membrane at different stages of apoptosis. Until then, we are reporting the final concentrations of Bax and Bcl-x L as calculated from the mols of protein added and the volume of the solution bathing the membrane.
There was no protective effect of Bcl-x L on the destabilization of membranes caused by Bax, as might be expected from reports of their dimerization. There is some controversy on the conditions and stabilities of heterodimers of Bax and Bcl-x L . Recently it was shown that dimerization does not occur between these proteins unless detergent is added (13, 14) . Indeed, endogenous Bax from thymocytes is present as a monomer in the cytosol (14) . We have now shown by immunoprecipitation experiments that reticulocyte-lysate expressed Bax and Bcl-x L do not form dimers. Thus, it is unlikely that binding of Bcl-x L to Bax would decrease the active concentration of Bax by mass action and inhibit the ability of the latter protein to perturb membranes. In accordance to this view, we saw no evidence for inhibition after incubation of both fulllength proteins in solution or on the membrane. Rather, our results are consistent with the idea that the proapoptotic and antiapoptotic members of the Bcl-2 family function independently to regulate cell death (23) (24) (25) .
The Apoptotic Pore. Taken together, the variability of the membrane conductance increments in Bax-treated membranes, the lack of effect of Bax on membrane thickness, and the fit of the effect of Bax on the voltage dependence of membrane lifetime are consistent with the hypothesis that Bax induces changes in intrinsic membrane monolayer curvature promoting the formation of a pore that is at least partially lipidic. Our proposal is that the activity of Bax to destabilize planar phospholipid bilayer membranes is also an activity of Bax on the lipid bilayer of the outer mitochondrial membrane to promote the formation of an apoptotic pore. We do not know whether this apoptotic pore is purely lipidic or a protein͞ lipid complex, but the present data are inconsistent with a purely proteinaceous ionic channel. This hypothesis is consistent with recent data showing that substantial cytochrome c is lost relatively soon after induction of apoptosis, concomitant with large regions of outer mitochondrial membrane rupture and without any changes in the inner mitochondrial membrane potential (26) . Furthermore, overexpression of Bax has been shown to cause cytochrome c release from mitochondria of yeast and mammalian cells (27) (28) (29) . Also, addition of Bax to isolated mitochondria in vitro causes cytochrome c release sufficient for caspase activation (30) . On the other hand, there is increasing evidence showing that inner mitochondrial membrane permeability is increased during apoptosis (31) , and Bax has been implicated in this mechanism (29, 32) . We see no conflict in this view, because once the permeability barrier (to macromolecules) of the outer mitochondrial membrane has been breached, Bax would be available to destabilize the inner mitochondrial membrane, leading to a loss of mitochondrial electrochemical potential, activation of the permeability transition pore, and mitochondrial swelling. In addition, mitochondrial swelling by itself can also lead to increased tension of the outer mitochondrial membrane, membrane rupture, and release of protein (26, 33) . The effect of tension and that of Bax should be additive (see Eq. 1). Mitochondrial outer membrane rupture, then, would be a common intermediate between different pathways of apoptosis. Bax is not unique in causing membrane instability and decreasing the lifetime and linear tension of phospholipid bilayers. A peptide made from the sequence of an internal amphipathic helix on the carboxyl-terminal cytosolic domain of the HIV envelope protein gp41 has a similar effect (15) . The significance of this finding relates to current models for membrane fusion in which a cluster of fusion proteins provides the positive membrane curvature needed to cause the actual opening of the fusion pore during viral infection, syncytia formation, and exocytosis (19, 34) . These mechanisms may also relate to protein translocation. The diphtheria toxin (DT) translocation domain mediates the passage of a 20-kDa protein, the diphtheria toxin A chain, across cellular membranes into the cytosol (35) . Although there are no conclusive data to explain the translocation mechanism, some studies suggest that this process could be related to the bilayer destabilization induced by the concerted action of several DT molecules (35, 36) . Proteins may have evolved domains that manipulate local lipid membrane curvature in similar ways to produce toxin translocation pores, fusion pores, and apoptotic pores, phenomena that provide for macromolecular or quantal transport of substances across membranes.
